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ABSTRACT
Nengda Jiang MSAE, Embry-Riddle Aeronautical University, August 2018.
Biofidelic Piezoresistive Sandwich Composites.

Silicone based biofidelic surrogates are being used in many biomedical
applications; e.g.

to understand the body injury mechanisms, evaluate protective

equipment like helmets and armors. Apart from matching the mechanical behavior of
bodily tissues, there is an increasing requirement for these materials to be electrically
conductive and piezoresistive to facilitate direct instrumentation. Carbon nanotubes
(CNTs) are a possible filler to impart electrical conductivity and piezoresistivity to silicone
biofidelic materials. A sandwich structure of silicone and CNT sheet, comprising two
dielectric facesheets and a highly conductive core layer has added advantages of raising
the dielectric permittivity and suppressing dielectric loss.
In this thesis, a fabrication methodology was developed for a proprietary blend of
two-part silicone/CNT sheet sandwich composite with biofidelic mechanical properties
corresponding to that of white matter of human brain tissue. The mechanical and
electromechanical behavior of these sandwich composites was characterized using
resistivity measurements, tensile tests and dynamic mechanical analysis (DMA). The
composition of the two-part silicone in this composite was varied to obtain electrical
conductivity and piezoresistivity while retaining the mechanical properties of the white
matter. Interestingly, the mechanical and electromechanical performance of the composite
varied between first loading and subsequent loadings during the testing. The effect of a
second filler addition: graphite platelets (GP) on the properties of silicone nanocomposite
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was also investigated. The experimental observations were analyzed using simple
mechanical models and scanning electron microscope (SEM) micrographs to explain the
findings. The results indicate potential for using this biofidelic silicone/CNT sheet
sandwich composite with electrical conductivity and piezoresistivity for biomedical
applications (e.g. traumatic brain injury simulation) without deploying external strain
sensors.
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1. Introduction
Biofidelic materials
Biofidelic materials are a class of materials which can faithfully model a biological
tissue or system. Most common application of biofidelic materials is as surrogates for
animal tissues where they can provide the same mechanical response to static or impact
load in research and testing. Often, large quantities of animal tissue are needed for testing.
The use of surrogate materials addresses inadequate availability of biological tissues, and
inaccessibility, especially for human tissue due to ethical considerations. Even if a limited
amount of the human tissue can sometimes be successfully obtained from a cadaver, its
properties change with time due to the tissue dehydration, degradation and death (Pantoni
et al., 1996) (Novitzky et al., 1988). Moreover, the property of the human tissue can vary
between different individuals, so variable control is difficult in the testing. Synthetic
biofidelic materials avoid these complications and can make research and testing more
accurate and economical.
A human body is an integration of thousands of biological tissues with very
different mechanical properties. The properties of different human tissues need to be
determined in order to design adequate biofidelic surrogates. The elastic behavior and
mechanical properties of human skeleton have been studied by many researchers
(Schoenfeld et al., 1974) (Smith et al., 1976) (Goldstein et al., 1987) (Rho et al.,1998). The
constitutive response of human skeleton is considered to linear-elastic while all internal
organs and soft tissues exhibit viscoelastic behavior (Roberts et al., 2007). Among the
skeletal system, it has been shown that ribs and sternum have a relatively high Young’s
Modulus of 9.5 GPa (Caruso et al., 2006), while the vertebral column and cartilage have
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much lower Young’s Modulus of 0.355 GPa and 0.0025 GPa respectively (Wang, 1997)
(Duck, 1990). For viscoelastic soft tissues like brain, skin, muscles and internal organs,
short-term shear modulus and bulk modulus are of interest. Heart, lungs, stomach and liver
have the similar viscoelastic properties. Their short-term shear modulus and bulk modulus
is around 67 kPa and 0.744 GPa respectively (Saraf et al., 2007). In contrast, these
properties for skin and muscles are in the range of 200 kPa and 2.9 GPa respectively
(Roberts et al., 2007).
Early studies used simple approximations of biofidelic materials to build the
surrogate structures. For example, Jönsson et al. designed an experimental dummy made
of wood, water and plastic (Jönsson et al. 1981). Hrysomallis built a thigh surrogate using
stainless-steel as femur and Silastic 3481 silicone rubber as muscles and skin (Hrysomallis,
2009). In these studies, researchers used one surrogate for all soft tissues and the other
surrogate for all skeletal structures to simplify the experiments. Several other studies
utilized a single gel like material as surrogate for all soft tissues (Moy et al., 2006) (Nicolas
et al., 2004) (Kalcioglu et al., 2011) (Kalcioglu et al., 2013). However, when more detailed
and accurate experimental results are required, researchers realize that using only one
material as the surrogate to build a gross representation of all tissues is insufficient. Even
though all soft tissues have similar properties, they are not the same. For each tissue, there
needs to be a specific surrogate material that accurately mimics its elastic or viscoelastic
properties. Roberts et al. developed a physical human surrogate torso model in which off
the shelf silicones were able to represent different kinds of tissues (Roberts et al., 2007).
Petrone et al. designed an anthropomorphic dummy in which body components were made
of different surrogates and were joined by different degrees of freedom (Petrone et al.,
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2010). They could accurately represent mechanical responses of different tissues while
mimicking the real body motions.
When used as surrogates for human tissues, biofidelic material can help evaluate
the effectiveness of personal protective equipment (Payne et al., 2014), test firearms and
bullets (Moy et al., 2006) and assess the body injury mechanisms like traumatic brain injury
(Chanda et al., 2016). They can also be used to practice and model surgery both by surgeons
and robotic equipment. Table 1.1 lists some of the common materials which have been
used by researchers as surrogates and their corresponding simulated tissues.
In this thesis, a brain tissue surrogate developed by Chanda and co-workers
(Chanda et al 2016) is used to design and fabricate a piezoresistive biofidelic sandwich
structure. Chanda et al. developed proprietary blends of two-part silicone to precisely
mimic the nonlinear mechanical behaviors of the human skin (Chanda et al., 2015). Then
they used the same method to mimic those of white and grey matter brain tissues at different
strain rates (Chanda et al., 2016) by changing the mix ratio between part A and part B
silicone. Their experimental results showed a good match with the mechanical behavior of
white and grey matter at different strain rates. Additionally, they characterized those
behaviors with five hyperelastic material models, in which the curves of experimental and
analytical results were fitted precisely. We use this two-part silicone as the matrix in the
experimental work presented in this thesis.
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Table 1.1. Common biofidelic human tissue surrogates
Material

Tissue simulated

Reference

Physically Associating Gelatin

(Moy et al., 2006)

Ballistic gelatin

(Nicolas et al., 2004)

Solvent-swollen PDMS gels

Soft tissues

(Kalcioglu et al., 2013)

Perma-GelTM organogel

(Kalcioglu et al., 2011)

A proprietary blend of two-part
silicone (PDMS)

(Payne et al., 2014)

Silastic 3481 silicone rubber

(Hrysomallis, 2009)

Stainless-steel

Femur

A proprietary blend of two-part
silicone (PDMS)
Sylgard 527 silicone (PDMS)

(Chanda et al., 2016)
Brain

Synthetic gelatin
A proprietary blend of two-part
silicone (PDMS)

(Hrysomallis, 2009)

(Zhang et al., 2005)
(Alley et al., 2011)

Skin

Silicone with fillers

(Chanda et al., 2015)
(Roberts et al., 2007)

Epoxy with fillers and milled
fiberglass

Ribs, Sternum, Vertebral column

(Caruso et al., 2006)

Urethane rubber

Cartilage

(Caruso et al., 2006)

Silicone foam
Plastic foam

Lungs

(Roberts et al., 2007)
(Jönsson et al. 1981, 1988)

Silicone with filler

Muscles, mediastinum and
viscera (Heart, Liver, Stomach)

(Roberts et al., 2007)

Wood

Head

(Jönsson et al. 1981, 1988)

In most current test setups using biofidelic material systems, strain and deformation
sensors are required to be embedded or attached to human tissue surrogates to measure the
mechanical response during the impact testing. For example, in the testing of physical
human surrogate torso model by Roberts et al., shown in Figure 1.1, piezoresistive pressure
sensors and accelerometers were embedded to sense the mechanical response of surrogate
tissues at multiple locations (Roberts et al., 2007). Biofidelic materials with inherent
sensing capability will remove the need for external sensors and expand the capabilities of
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tissue surrogates significantly. Moreover, biocompatible and biofidelic material systems
with high sensitivity can detect low biomechanical strains (Liu et al., 2010) such as those
generated by arterial activity and can potentially be used for body health monitoring in the
future. Thus, piezoresistivity and electrical conductivity are highly desired for biofidelic
materials to simplify the test procedures and extend the field of applications. The research
performed in this thesis is a step in those directions.

Figure 1.1. Location of piezoresistive pressure sensors in physical human surrogate torso
model test (Roberts et al., 2007)

Piezoresistivity in materials
Piezoresistivity is a material property defined as the ability to show electrical
resistivity change when mechanical strain is applied. If a material has a considerably high
piezoresistivity, it can potentially be used for strain sensing or damage sensing as a
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transducer. Such material systems have applications in microelectromechanical (MEMS)
and nanoelectromechanical (NEMS) systems and devices.
The word ‘piezoresistivity’ is originated from piezoresistive effect but with some
differences in the definition. The relation between resistivity and resistance can be
explained by Ohm’s law: R=ρ • L/A. This means resistance depends on the geometry of
materials while resistivity is an intrinsic property of materials. Likewise, piezoresistive
effect includes resistance change when mechanical strain applied due to geometry change
while piezoresistivity is also about the resistivity change when mechanical strain applied
because of intrinsic changes in the material microstructures.
The piezoresistive effect was first observed by William Thomson in 1856 when he
was measuring the resistance change during the elongation of iron and copper (Thomson,
1856). According to the subsequent studies, many metallic materials exhibit piezoresistive
effect. The change of resistance of different kinds of metals along the mechanical strain is
shown in the Figure 1.2 (Barlian et al., 2009). However, the change of resistance of metals
due to elongation is much lower than that in semiconductors and composites with
conductive fillers like carbon nanotubes (CNT). The resistance change of metals is mainly
caused by geometry change while other mechanisms discussed below can operate in
semiconductors and composites.
A piezoresistive effect in semiconductors like germanium and silicon (Smith, 1954)
is much larger than that of metals. The piezoresistive effect in semiconductors is caused by
inter-atomic change like the shift of the valley pairs (Smith, 1954). This structural change
results in the redistribution of charge carriers between the valley pairs resulting in
resistivity changes. This behavior of high sensitivity of resistance to applied strain is one
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of the foundations of MEMS technology (Gardner et al., 2001).

Figure 1.2. Change in resistance of metals by hammering-induced strain
(Barlian et al., 2009)
After the discovery of piezoresistivity in semiconductors, more and more materials
in macro and micro scale have been reported to have remarkable piezoresistivity.
Particularly, in recent years, nanostructured materials drew the attention from researchers
because of their larger piezoresistive effect. For example, compared to the bulk silicon,
silicon nanowires have two orders of magnitude higher piezoresistivity (Rowe, 2014).
Thus, in order to improve the performance of the devices traditionally made by bulk silicon,
silicon nanowire devices have been designed and their performance has been examined by
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several researchers (He et al., 2006) (Toriyama et al., 2002) (Zhang et al., 2011). The giant
piezoresistive effect of silicon nanowires can be explained by the piezopinch model
presented by Rowe (Rowe, 2008). The model is very different from the bulk silicon effect
or its quantum confinement. It is an electrostatic interpretation of the piezoresistivity that
is based on the charge carrier concentration change. Additionally, the piezoresistivity of
silicon nanowire devices are also related to the configuration and distribution of the
nanowires (Rowe 2014).
Carbon nanotubes (CNT) material is another novel material that could be used in
piezoresistive sensing applications. Multiwall CNTs were first discovered by Iijima in
1991 (Iijima, 1991). It is a new form of carbon in which graphene sheets are rolled in
cylindrical tubes with the diameter in nanometers while the length can be as high as few
millimeters. Mechanically, CNT is the strongest and stiffest material in nature. It has a
Young’s Modulus in a scale of TPa, which is much higher than that of common metals
(Salvetat et al., 1999). Meanwhile, it also has a very high tensile strength of 63 GPa (Yu et
al., 2000). Namilae and co-workers have studied the effect of defects on mechanical
behavior of CNTs, in which they found the presence of chemical attachments and
topological defects had significant effects on the elastic and inelastic properties of CNTs
(Chandra et al., 2004) (Chandra et al., 2006). Electrically, CNT can be either metallic or
semiconducting based on the chirality of the nanotube (Laird et al., 2015). Thermally, CNT
has a higher conductivity along the tube axis compared to metals (Pop et al., 2006) while
in tube off-axis, the conductivity is low enough to be considered as a thermal insulator
(Sinha et al., 2005). Electromechanically, when integrated into bulks, CNTs show a
considerable intrinsic piezoresistivity which is caused by energy band shifts (Tombler et
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al., 2000) (Cao et al., 2003) (Regoliosi et al., 2004) (Stampfer et al., 2006).
While CNTs exhibit electrical conductivity and piezoresistivity intrinsically,
tunneling effect is considered to be the principal mechanism responsible for conductivity
and piezoresistivity in CNT/polymer composites (Hu et al., 2008) (Huang et al., 2012)
(Pham et al., 2008) (Park et al., 2013) (Zhang et al., 2006) (Chang et al., 2010) (Hu et al.,
2010). The conductivity of nanocomposites has been explained by the presence of
tunneling junctions between conducting fillers. Following Landauer-Buttiker equation the
contact resistance of an undeformed filler junction (CNT-CNT) can be described according
to (Bao et al., 2012a) as:
𝑅 =

ℎ
2𝑒 𝑀𝑇

(1)

where 𝑒 is the electron charge, ℎ is the Planck constant, 𝑇 is the electron
transmission probability and 𝑀 is the total number of conduction bands for filler particle
walls. The transmission probability 𝑇 for a tunneling separation 𝑑

can be estimated by

solving the Schrodinger equation with rectangular potential barrier of or from the WentzelKramers-Brilloing (WKB) approximation (Simmons, 1963):
𝑑
𝑑
𝑇=
⎨exp − 𝑑 − 𝐷
⎩
𝑑
⎧exp −

𝑑

0≤𝑑

≤𝐷+𝑑
(2)

𝐷+𝑑

<𝑑

= ℎ⁄ 8𝑚 ∆𝐸

≤𝐷+𝑑

(3)

where 𝑚 is the mass of electron, ∆𝐸 is the height of the barrier (the difference of
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the work functions between the CNT and the epoxy matrix), 𝑑

is the van der Waals

separation distance and D is CNT diameter.
When the nanocomposite deforms, the resulting strain can change the tunneling
distance 𝑑

for numerous junctions. Increase in the tunneling distance can cause

piezoresistivity by (a) reducing the tunneling probability in Eq. 2 above and/or (b) reducing
the total number of tunneling junctions.

Figure 1.3. Schematic explanation of resistance increase due to the changes in tunneling
network (Namilae et al., 2018).
Several researchers including some from our research group (Gbaguidi et al., 2018)
(Behnam et al., 2007) (Rahman et al., 2012) (Wang et al., 2013) (Bao et al., 2012a) (Bao
et al., 2012b) (Gong et al., 2014) (Gong et al., 2015) have used this formalism in
conjunction with stochastic microstructure simulations to explain piezoresistivity in
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conductive nanocomposites. As shown schematically in Figure 1.3, the change in filler
junctions due to applied tensile strain results increased the resistance.
In addition to the CNT filler, several researchers also reported the reinforcement in
mechanical and electrical properties of polymer based composites when adding graphene
based platelets as a filler (Namilae et al., 2018) (Kuilla et al., 2010) (Rafiee et al., 2009)
(Tang et al., 2013). It was also reported that fillers of different geometric shapes and aspect
ratios in polymer based composites were able to notably enhance their mechanical,
electrical and electromechanical properties. An explanation can be the CNT tunneling
network got enriched by the bridging effect of planar graphite platelets (Gbaguidi et al.,
2018) (Yu et al., 2008) (Safdari et al., 2012) (Safdari et al., 2013).

Piezoresistive CNT/polymer composites
Although CNTs have some remarkable material behaviors, their nanoscale size
makes it difficult to be utilized by themselves in bulk devices. Therefore, CNTs are
commonly used as a filler in polymer or metallic matrix materials to create bulk structures.
Polymeric matrix materials have been investigated more widely used because of the ease
of composite fabrication and the light weight. CNTs can impart not only high strength and
stiffness, but also electrical conductivity and piezoresistivity to polymeric matrix materials.
Numerous researchers have investigated CNT/polymer composites starting with Ajayan et
al. (Ajayan et al., 1994). Some examples of polymeric matrix include polycarbonate
(Pötschke et al., 2002), polyethylene (Pötschke et al., 2003), polypropylene (Seo et al.,
2004), polyamide 6 and polyamide 6.6 (Krause et al., 2009), polyamide + acrylonitrile
butadiene styrene (Tiusanen et al., 2012). Often, CNTs are used in the form of CNT sheet
or buckypaper, which is essentially entangled CNT networks forming into a thin
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macroscopic membrane with the assistance of van der Waals interactions (Chapartegui et
al., 2012). CNT sheets can be used to form a highly conductive layer to raise dielectric
permittivity of the composite (Zhang et al., 2016).

Table 1.2. Fabrication methods for CNT/PDMS composites
Materials

Fabrication method

Reference

CNT/PDMS

Microcontact printing

(Liu et al., 2010)

CNT/PDMS

Hydrodynamical dispersion and molding

(Jung et al., 2012)

CNT sheet/PDMS

CNT sheet/PDMS

CNT sheet
/PDMS/polyaniline

CNT sheet: chemical vapor deposition
PDMS substrate: spin-coating
Composite: printing
CNT sheet: chemical vapor deposition
PDMS substrate: preforming
Composite: stacked up
CNT sheet: chemical vapor deposition
PDMS: spin-coating
Composite: electrodeposition

(Zhou et al., 2010)

(Chen et al., 2014a)

(Chen et al., 2014b)

Among all of the polymers which have been used as matrix materials, PDMS is a
notable for its biomedical applications due to its biocompatibility and biofidelity (Liu et
al., 2010). Several fabrication processes like microcontact printing (Liu et al., 2010) and
hydrodynamical dispersion and molding (Jung et al., 2012) have been used to incorporate
CNTs into PDMS composite which are also listed in Table 1.2. The CNT sheet is also a
common filler for the PDMS matrix (Zhou et al., 2010) (Chen et al., 2014a) (Chen et al.,
2014b). CNT sheets are fabricated by chemical vapor deposition and PDMS substrates are
fabricated by preforming or spin-coating. They are finally composed by the processes of
stacking up, printing, and electrodeposition (Chen et al., 2014a) (Zhou et al., 2010) (Jung
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et al., 2012) (Chen et al., 2014b) as listed in Table 1.2.
As mentioned above, most of biofidelic surrogates for soft tissues are made of
silicone or PDMS and the presence of CNT tunneling network can guarantee considerable
electrical conductivity and piezoresistivity in polymeric matrix. Therefore, the impartment
of CNT or CNT sheet in PDMS may make it possible for a composite to have both
biofidelity and piezoresistivity. It actually has been proved by several researchers that
CNT/PDMS composites have giant piezoresistivity to be very sensitive to applied strain
and have high stretchability (Lu et al., 2007) (Liu et al., 2010) (Jung et al., 2012) (Lee et
al., 2014).

Motivation
It has been demonstrated that a proprietary blend of two-part silicone (PDMS) can
be used as biofidelic surrogates for human brain tissues (Chanda et al., 2016). It has also
been presented that the presence and the presence of CNT tunneling network can guarantee
considerable electrical conductivity and piezoresistivity in silicone or PDMS matrix (Lu et
al., 2007) (Liu et al., 2010) (Jung et al., 2012) (Lee et al., 2014). A successful design of a
piezoresistive biofidelic sandwich composite using these two materials will be of great
value because with the addition of CNTs, the applied strain on biofidelic materials can be
easily monitored by measuring its resistance change during applications like assessing
protective equipment and testing weapons. Through this approach, the need for external
sensor deployment will be removed and the test process will be simplified, especially for
those tests conducted on complex structures. Moreover, with the addition of graphite
platelets as a second filler, the sensitivity of this composite may be enhanced enabling
detection of small biomechanical strains (Liu et al., 2010). These composites can also
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potentially be used for body health monitoring and for assessing the physical healing
processes (Melik et al., 2008).

Objectives
The objectives of this thesis are as following:
a) Design and fabricate brain tissue simulant/CNT sheet sandwich composite such
that the materials have the mechanical properties of the brain tissue while
exhibiting conductivity and piezoresistivity.
b) Conduct the tensile test on different types of composite sensors to obtain the
stress-strain curve and resistivity-strain curve to know their mechanical and
piezoresistive properties.
c) Conduct the cyclical test on brain tissue simulant/CNT sheet composites to find
the effect of the loading history on its mechanical and electromechanical
properties
d) Understand the microstructure of brain tissue simulant/CNT sheet and PDMS/
CNT sheet/GP composites by SEM characterization to help analyze the cause of
the stress and resistivity variation
e) Study the thermal and dynamic response of the composite using dynamic
mechanical analysis (DMA)
f) Develop an analytical model to compare with the experimental mechanical
properties of brain tissue simulant/CNT sheet composites
g) Investigate the effect of graphite platelet as a second filler in PDMS/CNT sheet
composites.
h) Summarize and propose future work for continuation of this research
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2. Experimental methods
In this chapter, we describe the experimental approach used for fabrication and
testing of the nanocomposites. Section 2.1 discusses materials used for composite
fabrication. Section 2.2 details the two fabrication processes used for the two kinds of
composites fabricated in this work. This is followed by discussion of experimental methods
used in testing (2.3) and characterization (2.4 and 2.5).

Materials
Filler materials
The multiwall CNT sheets were purchased from NanoTechLabs. The manufacturer
reports an areal density of 21.7 g/m2 and surface electrical resistivity 1.50 Ω/m2. Both these
values were independently verified. The sheet was cut into small samples in a dimension
of 50mm × 10mm × 3mm using a paper trimmer. This dimension was chosen because it
was the same as that of brain tissue simulant tensile test specimen reported by Chanda et
al. (Chanda et al., 2016). Electrically conductive silicone procured from Silicon Solutions
was used as the adhesive between copper electrodes and CNT sheet.
Graphite platelets used as a second filler were chopped from graphene sheets
purchased from Graphene Supermarket. This sheet is fabricated by stacking several layers
of bonded graphene nanoplatelets. Manufacturers report the density is 2 g/cm 3 and the
volume resistance is 2.8 × 10-2 Ω/m2. SEM measurements indicate that the dimension of
chopped platelets varies from 300-1000 μm.

Matrix materials
Brain tissue simulant is a biofidelic material developed by Chanda et al. (Chanda
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et al., 2016) based on biofidelic human skin simulants (Chanda et al., 2015) (U.S Patent
Application 62/189,504), which is a blending of ECOFLEX 0010 TM and MOLDSTAR
30TM. Both of them are two-part platinum cure silicone rubber but with different shore
hardness of 00-10 and 30A commercially sold by Smooth-On, Inc. Brain tissue simulant
was obtained by blending ECOFLEX 0010TM and MOLDSTAR 30TM with different ratios
so that different mechanical properties could be obtained. Brain tissue simulant shown in
Figure 2.1(a) is still two-part in which part A acts as hardener when added to part B.
A second matrix material PDMS (Sylgard 184) was procured from Dow Corning.
It is a two-part silicone elastomer shown in Figure 2.1(b) with the mix ratio 10:1. Its volume
resistivity and tensile strength are 2.9 × 1014 Ω·cm2 and 6.7 MPa respectively.

a)

b)
Figure 2.1. a) Sylgard 184, b) brain tissue simulant

Fabrication
Brain tissue simulant/CNT sheet sandwich composites
The fabrication method of brain tissue simulant/CNT sheet composites is stacking
up process using a prefabricated mold. In the stacking up process, a sandwich composite

17
is formed with two silicone facesheets and a conductive silicone infiltrated CNT sheet core
layer. The advantages of this sandwich structure are high dielectric permittivity in the core
layer and low dielectric loss provided by facesheets (Zhang et al., 2016).
The first step in the fabrication process is to attach the copper electrodes to CNT
sheet to facilitate stable measurement of electrical resistance. The copper electrodes were
cut from a copper plate with a dimension of 10mm × 10mm. The electrically conductive
silicone adhesive was then applied on one side of the copper electrodes to bond with CNT
sheet on both ends.
For brain tissue simulant/CNT sheet composite sensors, molding process was used
for the fabrication process. Shown in Figure 2.2, a mold was designed in CATIA V5 with
an overall dimension of 54mm × 50mm × 5mm. It has 4 grooves for molding with a
dimension of 50mm × 10mm × 3mm each which is exactly the same with the dimension
of the trimmed CNT sheet. The mold was 3D printed using Flashforge 3D printer Creator
Pro. ABS was used as the mold material which enabled high dimensional tolerance and
smooth surface finish.
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Figure 2.2 Mold for brain tissue simulant
.
Part A and B of brain tissue simulant were weighted separately and then were
thoroughly mixed using a wooden stick in a portion control cup in ratios of 50%A-50%B
and 20%A-80%B as shown in Figure 2.3. The weight of the brain tissue simulant for one
composite specimen was calculated using the material density and its volume. After that
the mold was put on the scale, the mixture was filled into one of the grooves until the tare
weight reading equaled half the calculated weight. After two minutes, the liquid level of
the mixture in the groove flattened to form the bottom face sheet of the sandwich composite.
The CNT sheet with attached electrodes was then carefully placed on the liquid surface of
the bottom face sheet as shown in Figure 2.4 (a). More mixture was poured in the groove
until the liquid level was flush to the edge of the mold. Through this approach, CNT sheet
could be located at the central surface of the brain tissue simulant matrix. The same process
was repeated for 4 times to fill in all of the grooves. Finally, the excess mixture was wiped
off by a blade. The fabricated specimens are shown in Figure 2.4 (b) after curing for 3
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hours in room temperature.

Figure 2.3. 50%A-50%B ratio mixed brain tissue simulant matrix

a)

b)
Figure 2.4. a) Picture of the molding process. b) 50%A-50%B ratio brain tissue
simulant/CNT sheet composite samples
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PDMS/CNT sheet/GP composites
Another objective of this thesis is to study the effect of graphite platelets as second
filler on the behavior of PDMS-CNT sheet composite. Earluer study by Namilae and
coworkers (Namilae et al., 2018) has shown that the second filler has beneficial effect on
piezoresistive properties of composite with epoxy matrix. In order for graphite platelets to
be an effective second filler in CNT sheet/PDMS composite, CNT and GP must have
tunneling contacts which modifies the percolation network. We use a wet layup process
similar to that in the earlier study to fabricate and study the effect of second filler on a
PDMS matrix (Sylgard 184).
First, a portion control cup was put on the scale and the weight was tared then. A
predetermined amount of the two-part PDMS was filled in the cup with the ratio 10:1 and
was thoroughly mixed by a wooden stick. Based on the weight of PDMS and the weight
percentage of GP (0%, 2%, 5%), the weight of GP required was calculated and then the GP
was added into the mixture. After that the new mixture was thoroughly mixed up for one
more time until the GP was uniformly distributed in the PDMS. A metal plated tool surface
was used as a mold in the vacuum bagging process. A piece of release film was put on the
center of the plate. Then the CNT sheet with attached electrodes was placed on the release
film for the infiltration using the mixture of PDMS and GP. The next step was to finish the
vacuum bagging setup by adding a piece of release film and breather, bagging them and
connecting them to the vacuum. The vacuum bagging setup is shown in Figure 2.5. The
vacuum pressure was 90 kPa and the curing time was 48 hours at the room temperature or
35 minutes at 100 °C.
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Figure 2.5. Vacuum bagging setup

Tensile test
In order to determine the mechanical and electromechanical properties of the
biofidelic composites, tensile test was conducted using a Chatillon CS225 force tester.
Load and displacement data was directly collected by the embedded computer on the force
tester. This data was converted into engineering stress-strain curves using common
formulae.
A circuit based on four-terminal sensing approach was designed to measure the
electrical resistance of the specimen during the loading. The schematic setup for the fourpoint probe test is shown in Figure 2.7(a). Separate terminals are used for applying current
and measuring the voltage. The voltage was measured with a NI PCI-6115 DAQ device
and converted to resistance using Ohm’s law. A Labview program shown in Figure 2.6(b)
was written to work with the DAQ device so that the voltage could be easily monitored
and recorded in the computer. Resistance-strain curves was plotted by combining the
results from DAQ device and force tester.
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Figure 2.6. a) Schematic of four-terminal sensing, b) Labview program interface

For the four-terminal sensing, the DAQ and the power supply need to be connected
to the sample via copper electrodes. Because the brain tissue simulant/CNT sheet sensor
was fabricated using mold, it was difficult to solder the wires on the copper electrodes
before molding. Thus, wires were soldered on two independent small copper plates instead
of the electrodes and then were inserted in between the top facesheet and the electrodes as
shown in Figure 2.7(a). As both electrodes were clamped during the tensile test as shown
in Figure 2.7(b), there was no need to glue copper plates and electrodes together. The whole
tensile test setup is shown in Figure 2.8.
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a)

b)

Figure 2.7. a) schematic of wire installation, b) schematic of specimen clamping on the
force tester

Figure 2.8. Schematic of tensile test setup
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In order to make a comparison to the test by Chanda et al. (Chanda et al., 2016), all
of the specimens were tested at a low displacement rate which is 2.5 mm/s. Specifically,
the dimension of the specimen after clamping is 30mm × 10mm × 2.5mm so the maximum
displacement was set to 30 mm to obtain the data in strain range 0-1. 12 specimens divided
into 3 sets were prepared for each test. The composition of brain tissue simulant in the
composite included 50%A-50%B and 20%A-80%B. The applied current on the specimen
was chosen to be 0.01A to obtain a wide measuring range for resistivity and to prevent
Ohmic heating from affecting test results.
For the PDMS/CNT sheet/GP composite, all of the specimens were tested in a
displacement rate of 0.127 mm/s and a current of 0.05A. The specimen size was 38.1mm
× 12.7mm × 0.18mm in order to make a comparison to the tests with epoxy matrix by
Namilae et al. (Namilae et al., 2018). The test was a fracture test so the machine stopped
running after the breaking of specimens. The composition of GP in the composite included
0 wt%, 2 wt% and 5 wt%.

DMA characterization
In order to understand the dynamic performance of the sensors in different
temperature and frequency, DMA characterization was conducted using PerkinElmer
DMA 8000 shown in Figure 2.10. For the temperature sweep test, the test mode was dualcantilever with a temperature changing from 30 °C to 140 °C while the frequency was
constant. Test in the same conditions was repeated for the same sample in the following
frequencies: 1Hz, 10Hz, 25Hz, 50Hz. After the temperature sweep, the storage
modulus/tan δ - temperature curves were plotted so that the glass transition temperature
could be obtained. For the frequency sweep test, the test mode was also dual-cantilever but
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with a frequency changing from 1Hz to 300Hz while the temperature was constant. The
isothermal frequency sweep test was only conducted in room temperature. Storage
modulus/tan δ -frequency curves were plotted so that the phase transition frequency could
be found.

Figure 2.9. PerkinElmer DMA 8000

SEM characterization
SEM micrographs were also used to help explain the test results. The micrographs
were taken by FEI Quanta FEG 650 at the cross section of both brain tissue simulant/CNT
sheet and PDMS/CNT sheet/GP specimens with different magnifications.
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3. Material properties of brain tissue simulant/CNT sheet sandwich
composites
In this chapter, experimental results of mechanical and electromechanical behaviors
of brain tissue simulant/CNT sheet sandwich composites are analyzed and discussed. In
the legends of figures, BTS represents brain tissue simulant and BP represents buckypaper
or CNT sheet.

Mechanical properties
We first conducted a tensile test to validate our fabrication procedure of neat brain
tissue simulant and compared it with the results of Chanda et al. (Chanda et al., 2016). In
this tensile test, we used brain tissue simulant with 50% A- 50% B composition. An
engineering stress-strain curve shown in Figure 3.1 was plotted and compared with brain
tissue simulant test data by Chanda et al. (Chanda et al., 2016) and human brain tissue test
data by Jin et al. (Jin et al., 2013). The standard deviation was also plotted as error bars. In
this plot, a strain range of 0-0.5 was selected because this range was used for the previous
researches. In the comparison, the experimental curve has a variation from 0 kPa to 12.43
± 2.07 kPa which is similar to the variation in the other two curves. This result validates
our fabrication method and experimental apparatus in comparison with previous
experimental results.
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Figure 3.1. Engineering stress-strain plot of pure brain tissue simulant (50%A, 50%B)
and comparison with test data of brain tissue simulant (50%A, 50%B) and white matter
from literature (Chanda et al., 2016) (Jin et al., 2013)

The next tensile test was conducted on 50% A-50%B brain tissue simulant/CNT
sheet composite. In the engineering stress-strain plot shown in Figure 3.2, it can be noticed
that compared to the pure brain tissue simulant 50% A-50%B, the composite is much stiffer
at the beginning of the loading in strain range 0-0.4. In this range, the stress of the
composite rises linearly from 0 kPa to 78.54 ± 6.13 kPa while that of pure brain tissue
simulant increases linearly from 0 kPa to 10.56 ± 2.27 kPa. Young’s moduli for the
composite and pure BTS are 196.35 kPa and 26.40 kPa respectively. In the subsequent
strain range 0.4-1, the pure brain tissue simulant keeps increasing uniformly with nearly
the same Young’s modulus as before. However, for the composite, the stress plateaus at
strain 0.4 with a small fluctuation.
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Figure 3.2. Engineering stress-strain curve of brain tissue simulant (50%A, 50%B)/CNT
sheet composite and comparison with test data of pure brain tissue simulant (50%A,
50%B)

Note that human brain tissue data is available only in the strain range 0-0.5 for
comparison. In Figure 3.2, the strain range was expanded to 0-1 to study the transition in
modulus for the nanocomposite sandwich.
Visual observation during the loading indicated that the infiltrated CNT sheet in the
sandwich composite stayed intact from strain 0-0.4. At strain 0.4, some small cracks
appeared on the infiltrated CNT sheet. After strain reached up to around 0.6, the cracks
became gaps which totally divided infiltrated CNT sheet into several sections. The
configuration of one sample in these three periods is shown in Figure 3.3 (a), (b) and (c).
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(a)

(b)

(c)

Figure 3.3. Configuration of infiltrated CNT sheet in brain tissue simulant (50%A,
50%B)/CNT sheet composite during the tensile loading. (a) strain 0-0.4, (b) strain 0.40.6, (c) strain 0.6-1

Because adding CNT fillers to PDMS matrix can increase the material stiffness
(Jung et al., 2012), likewise, the CNT sheet infiltrated with brain tissue simulant in the core
of this sandwich composite is much stiffer than neat brain tissue simulant sandwich face
sheets. When the strain reached up to 0.4, infiltrated CNT sheet fractured first due to the
high stress. Therefore, the stress became steady because of the structural change in the
infiltrated CNT sheet layer.
It has also been noticed that at the strain around 0.5 in Figure 3.2, stress data has a
relatively high standard derivation (11.47 kPa). The reason is that for different specimens,
infiltrated CNT sheets fractured at different strain so the transition points are located
differently. In Figure 3.4, the results of three specimens in a set demonstrated the fracture
of CNT sheet at different strain. For specimen #1 and #3, that strain is around 0.4 while for
specimen #2, that strain is around 0.5. Microstructural variations could be responsible for
these differences in the three samples.
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Figure 3.4. Engineering stress-strain curve of three specimens of brain tissue simulant
(50%A, 50%B)/CNT sheet composite in a set

After releasing the loading, the whole specimen returned to the original
configuration because the brain tissue simulant facesheets in the composite exhibited only
elastic deformation and no fracture or failure was observed in brain tissue simulant matrix.
However, even if the infiltrated CNT sheet looked intact, shown in Figure 3.5, there were
still some internal discontinuities observed in SEM micrograph of the CNT sheet surface
because of the fracture history.
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Discontinuity

Figure 3.5. SEM micrograph of the CNT sheet surface after the tensile loading

The matrix is not damaged at the strain the samples are subjected. In order to
investigate the change of the behaviors after the fracture of the CNT sheet, a second-time
tensile loading test was conducted. In Figure 3.6, during strain range 0-0.6 in the second
loading, the stress increases from 0 kPa to 29.75 ± 3.60 kPa linearly with a Young’s
modulus of 49.58 kPa. In strain range 0.6-1, the stress rises from 29.75 ± 3.60 kPa to 72.74
± 4.32 kPa nonlinearly with a gradually increasing Young’s modulus. Notably, at strain 1,
the stress value 72.74 ± 4.32 kPa in the second loading is very close to the stress value
78.54 ± 6.13 kPa in the first loading. Visual examination revealed that there were no new
fractures appeared on the infiltrated CNT sheet during the second loading. In the second
loading, the cracks in the infiltrated CNT sheet layer which were already created in the first
loading elongated again. At the strain 100% when the cracks were fully opened, the
configuration of CNT sheet was the same as earlier, therefore the stress state was similar.
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Figure 3.6. Engineering stress-strain curve of brain tissue simulant (50%A, 50%B)/CNT
sheet composite in first and second loading and comparison with test data of pure brain
tissue simulant (50%A, 50%B)

In order to investigate if the difference between loading history on the mechanical
behaviors was caused by the fracture of infiltrated CNT sheet layer but not the loading
history of brain tissue simulant matrix, one more test was done on neat brain tissue simulant
specimens. A second-time loading was applied on the neat brain tissue simulant (50% A,
50% B) specimens which had been already tested. The curves for first loading and second
loading are very similar as shown in Figure 3.7. Thus, the contribution of the loading
history of brain tissue simulant matrix to the composite behavior is minimal.
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Figure 3.7. Engineering stress-strain curve of pure brain tissue simulant (50%A, 50%B)
in first and second loading

One of the objectives of this thesis is to design a biofidelic piezoresistive material
for human brain white matter which the neat brain tissue simulant (50% A, 50% B) mimics.
In other words, our objective is to design a conductive sandwich structures with similar
mechanical properties as that of white matter (or neat 50% A-50% B brain tissue simulant)
in order to realize biofidelity. The addition of CNT sheet increased the stiffness of the brain
tissue simulant (50% A, 50% B) in both the first and second loading according to Figure
3.2. Young’s moduli increase from 26.40 kPa to 196.35 kPa and 49.58 kPa respectively in
strain range 0-0.4. One solution to realize biofidelity is to reduce the stiffness of brain tissue
simulant (50% A, 50% B) matrix. After adding CNT sheet layer, the stiffness will increase
back to the value before the reduction. According the experimental results by Chanda et al.
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(Chanda et al., 2016), the brain tissue simulant would be less stiff with less weight ratio of
part A when mixing part A and B. Thus, to obtain biofidelity, the weight ratio of part A
and B was modified from 50% - 50% to 20% - 80% to reduce the stiffness of the composite.
In Figure 3.8, the stress-strain curves of composite fabricated with brain tissue simulant
(20% A, 80% B) are plotted and compared with previous results. It can be seen that the
mechanical behavior of brain tissue simulant (20% A, 80% B)/CNT sheet and brain tissue
simulant (50% A, 50% B)/CNT sheet in the first loading is very similar except for the stress
when CNT sheet fractured. Young’s modulus of brain tissue simulant (20% A, 80%
B)/CNT sheet in strain range 0-0.3 is 181.57 kPa. The similarity in this strain range can be
explained as the infiltrated CNT sheet acts as the main load bearing part because of its high
stiffness before the fracture. the mechanical behaviors of these two are also very similar
in the second loading but with different Young’s modulus. In Figure 3.9, Young’s modulus
of brain tissue simulant (20% A, 80% B)/CNT sheet in strain range 0-0.5 is 29.40 kPa. This
is very close to that of the pure brain tissue simulant (50% A, 50% B) and white matter of
human brain. Through this approach, biofidelity of this piezoresistive and conductive
composite is obtained in the strain range.
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Figure 3.8. Engineering stress-strain curve of brain tissue simulant (20%A, 80%B)/CNT
sheet composite and brain tissue simulant (50%A, 50%B)/CNT sheet composite in first
and second loading and comparison with test data of pure brain tissue simulant (50%A,
50%B)
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Figure 3.9. Engineering stress-strain curve of brain tissue simulant (20%A, 80%B)/CNT
sheet composite in second loading and comparison with test data of pure brain tissue
simulant (50%A, 50%B) and white matter

In Figure 3.10 and Figure 3.11, cyclical test results from the first to the fifth loading
of brain tissue simulant (50%A, 50%B)/CNT sheet composite and brain tissue simulant
(20%A, 80%B)/CNT sheet composite are shown respectively. These results show that in
the subsequent loadings after the first loading, the specimen demonstrate very similar
mechanical behaviors.
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Figure 3.10. Engineering stress-strain curve of brain tissue simulant (50%A, 50%B)/CNT
sheet composite in cyclical loading.

Figure 3.11. Engineering stress-strain curve of brain tissue simulant (20%A, 80%B)/CNT
sheet composite in cyclical loading.
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Electromechanical properties
During the tensile test, the electrical resistance of samples was also recorded using
a four point probe measurement system, and the resistivity-strain curves were recorded.
When calculating resistivity, according to Ohm’s law, Eq. 4 was used where R is the
resistance, 𝜌 is the electrical resistivity, L is the sample length and A is the cross-section
area.
𝜌= 𝑅

𝐴
𝐿

(4)

The electrically conductive part in these specimens is the infiltrated CNT sheet core
layer but not the brain tissue simulant facesheets. Therefore, for the area in the equation
we use the cross-section area of the core layer instead of that of the whole composite
sample. In Figure 3.12, the thickness of the core layer is demonstrated to be approximately
180 μm. The resistivity is calculated using this information.

Figure 3.12. SEM micrograph of the cross-section of the composite
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Resistivity–strain curve of one brain tissue simulant (50%A, 50%B)/CNT sheet
composite coupon is plotted in Figure 3.13. During the first loading, the resistivity of the
sandwich specimen starts with 169.92 × 10-5 Ω∙m without strain. In strain range 0-0.6, the
resistivity does not change much compared to the change in the strain range 0.6-0.8. In
Figure 3.3 (c) which is the configuration of CNT sheet at strain 0.6, there were some wide
fractures where the loss of the tunneling effect happened between CNTs. This is the reason
why the resistivity change dramatically since strain 0.6. It can also be noticed that at strain
of 0.4 when the fracture started to be observed, the resistivity did not change much. The
reason might be that there were tunneling junctions at those small fractures as some CNTs
were still connected to each other. The resistivity becomes steady at the end because of the
limitation of the maximum measuring range of data acquisition system.
During the second loading, the resistivity of the sandwich specimen at zero strain
is at a higher value of 281.25 × 10-5 Ω∙m because of some discontinuity in the CNT sheet
layer after the first loading history explained in Figure 3.5. This also indicates the presence
of tunneling network in the cracked regions possibly at much lower density than in
impregnated CNT sheet. When the sample is loaded, the resistivity changes until it reaches
a maximum measuring range at strain of 0.4.
Resistivity–strain curve of brain tissue simulant (20%A, 80%B)/CNT sheet
composite coupon was also plotted in Figure 3.14. The curve has a very similar trend with
Figure 3.13 but with higher slope (piezoresistivity) during both loadings.
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Figure 3.13. Resistivity–engineering strain curve of coupon #1 from set #1 of brain tissue
simulant (50%A, 50%B)/CNT sheet composite

Figure 3.14. Resistivity–engineering strain curve of coupon #1 from set #1 of brain tissue
simulant (20%A, 80%B)/CNT sheet composite
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Resistivity change–strain curve of brain tissue simulant (50%A, 50%B)/CNT sheet
composite was also plotted for brain tissue simulant/CNT sheet composites to understand
the performance of the sandwich specimen. In Figure 3.15, during the first loading, the
resistivity changed 161.35 × 10-5 Ω∙m linearly from the strain 0-0.5. In the strain 0.5-1, the
resistivity change increased gradually because of the presence of large fractures and it
reached up to the maximum change value at the end. During the second loading, the
resistivity change increased 234.34 × 10-5 Ω∙m linearly from the strain 0-0.2. Then the
resistivity change increased faster than before to 1903.72 × 10-5 Ω∙m from the strain 0.20.6 and became steady after that.

Figure 3.15. ∆Resistivity–engineering strain curve of brain tissue simulant (50%A,
50%B)/CNT sheet composite in the first and second loadings

Similarly, in Figure 3.16 which is the resistivity change–strain curve of brain tissue
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simulant (20%A, 80%B)/CNT sheet composite, the resistivity changed 80.15 × 10 -5 Ω∙m
linearly from the strain 0-0.5 during the first loading. At the strain around 0.6, the resistivity
change has a very large standard derivation because samples fractured at different strain so
the dramatic rise of the resistivity appeared differently. That rise of the resistivity in the
first loading is much faster than that of brain tissue simulant (50%A, 50%B)/CNT sheet
composite because the total stiffness is lower. Once the stiffness is lower, the number of
fractures reduced but the width of each fracture increase. In this way, the change of
resistivity was faster. Similarly, in the second loading, the resistivity change increased
248.93 × 10-5 Ω∙m linearly from 0-0.1. then the resistivity increased faster than before to
2222.99 × 10-5 Ω∙m from the strain 0.1-0.2 and became steady after that.

Figure 3.16. ∆Resistivity–engineering strain curve of brain tissue simulant (20%A,
80%B)/CNT sheet composite in the first and second loadings
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In Figure 3.17 and Figure 3.18, electromechanical cyclical test results from the
second to the fifth loading of brain tissue simulant (50%A, 50%B)/CNT sheet composite
and brain tissue simulant (20%A, 80%B)/CNT sheet composite are shown respectively.
They prove that in the subsequent loadings after the first loading, sandwich specimen
demonstrated very similar electromechanical behaviors in the valid measuring range so
their electromechanical working stability can be ensured during these loadings.

Figure 3.17. ∆Resistivity–engineering strain curve of brain tissue simulant (50%A,
50%B)/CNT sheet composite in cyclical loading
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Figure 3.18. ∆Resistivity–engineering strain curve of brain tissue simulant (20%A,
80%B)/CNT sheet composite in cyclical loading
Electrical hysteresis test results are shown in Figure 3.19. The resistivity change
history was not the same between the loading and releasing stages. In the loading stage,
the resistivity-strain slope changed slowly at the beginning but increased significantly in
the strain range of 0.1 to 0.3. In the releasing stage, the slope was very high at the strain
0.4 and the slope reduced significantly at the strain around 0.3. This creates a hysteresis
loop as shown in Figure 3.19.

45

Figure 3.19. ∆Resistivity–engineering strain curve of brain tissue simulant (20%A,
80%B)/CNT sheet composite in applying and releasing the loading

The maximum measuring voltage of data acquisition system is 5 V. And it was
tested to prove that the test data was not accurate any more when the measuring voltage
went larger than 4 V. In this case, 4 V voltage can be calculated to be around 2000 × 10 -5
Ω∙m resistivity. Thus, the resistivity over 2000 × 10-5 Ω∙m should be ignored in this test.
Besides, it can be seen that in the first loading, samples performed very differently because
of different fracture conditions. Normally, a sensor should be designed for more than
single-use. Therefore, the properties of samples in the second loading should be concerned
instead of that of the first loading. Our results indicate that the properties of samples in the
second loading can represent the overall properties after the first loading.
Figure 3.20 summarizes the data for the two compositions studied here. The valid
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measuring range of brain tissue simulant (50%A, 50%B)/CNT sheet composite is the strain
0-0.6 while that of brain tissue simulant (20%A, 80%B)/CNT sheet composite is the strain
0- 0.17. Some more data points are added to the curve of 20% A– 80% B to obtain a more
accurate curve.

Figure 3.20. ∆Resistivity–engineering strain curve of brain tissue simulant (20%A,
80%B)/CNT sheet composite and brain tissue simulant (50%A, 50%B)/CNT sheet
composite in the second loading

Analytical model for mechanical properties –First loading
In the research by Natarajan et al. (Natarajan et al., 2014), it has been shown that
the mechanical properties of CNT reinforced sandwich plated composite facesheets could
be numerically computed by the extended rule of mixture:
𝐸

= 𝜂 𝑉 𝐸

+ 𝑉 𝐸

(5)
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where E11 is tensile modulus, η1 is the CNT efficiency parameter, VCN and Vm are volume
fractions of CNT and matrix, ECN and Em are tensile moduli of CNT and matrix.
Similarly, in this thesis, the core layer of the composite shown in Figure 3.21 was
considered as a CNT sheet reinforced polymer layer so Eq. 5 can be used to calculate its
tensile modulus. However, for this layer, VCN and Vm are unknown because the quantity of
infiltrated matrix is unknown in the fabrication process. Therefore, the tensile modulus of
the core layer remains unknown.

Figure 3.21. Schematic of a CNT sheet/brain tissue simulant composite sample

With the help of aforementioned experimental data, the tensile modulus of the core
layer can actually be calculated by the rule of mixture instead of Eq. 4. For the whole
composite sample, Eq. 5 can be simplified to the original rule of mixture:
𝐸

= 𝑉𝐸 + 𝑉 𝐸

(6)

where Ecom is the tensile modulus of the composite, Vc and Vf are the volume
fractions of core layer and facesheets, Ec and Ef are the tensile moduli of core layer and
facesheets.
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When the composite is made of 50%A- 50%B brain tissue simulant/CNT sheet,
Ecom is 196.35 kPa which is read in the figure. And the tensile modulus of pure 50%A50%B brain tissue simulant which is also known as Ef is 26.40 kPa. Shown in Figure 3.21,
the whole thickness of the sample is 3 mm and the thickness of the core layer is 0.18 mm,
so Vc and Vf can be calculated respectively to be 0.06 and 0.94. In this way, the only
parameter unknown Ec in Eq. 6 can be computed to be 2858.9 kPa which is the tensile
modulus of the core layer. To prove this numerical model right, experimental data of
20%A- 80%B brain tissue simulant/CNT sheet is used to compute E c as well. In this case,
Ecom is 181.57 kPa and the tensile modulus of pure 20%A- 80%B brain tissue simulant is
12.00 kPa. Ec is computed to be 2838.2 kPa which is very close to 2858.9 kPa. It can be
further calculated by plugging Ec = 2858.9 kPa in the equation of the rule of mixture of
20% A- 80% B brain tissue simulant/CNT sheet composite to solve that E com = 181.81 kPa.
Figure 3.22, shows a good match between elastic modulus calculation and experimental
results for first loading in the strain range of 0-0.4.
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Figure 3.22. Engineering stress-strain curve of brain tissue simulant (20%A, 80%B)/CNT
sheet composite in the first loading and comparison with analytical curve

Analytical model for mechanical properties –Second and subsequent
loading
The schematic of the fractured sample after the first loading is shown in Figure
3.23. The sample can be divided to several sections by fracture gaps. For example, section
1 is the facesheets with intact core layer and section 2 is the facesheets with the fracture
gap acting as the core structure. The rest of the sample is composed of several repeated
section 1 and section 2. Therefore, the inverse rule of mixture can be used to compute the
tensile modulus of the whole sample connected by these sections,
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𝐸

=(

𝑉
𝑉
+ )
𝐸
𝐸

(7)

where Ecom is the tensile modulus of the composite, V1 and V2 are the volume
fractions of section 1 and section 2, E1 and E2 are the tensile moduli of section 1 and 2.

Figure 3.23. Schematic of a fractured CNT sheet/brain tissue simulant composite sample
after the first loading

Section 1 is equal to the intact sample so E1 = 196.35 kPa when it is 50%A-50%B
brain tissue simulant. Section 2 is the spot of fracture gap where the core layer is air. E 2
can be calculated to be 24.816 kPa using Eq. 6 when Ec = 0. Ecom is 49.58 kPa according
to experimental data. Plug in these values in Eq. 7, V 1 can be solved as 0.572. This means
when use the material model shown in Figure 3.23, section 1 takes up 57.2% space of all
the sample while section 2 only takes up 42.8%. When it is 20%A- 80%B brain tissue
simulant, E1 = 181.57 kPa and E2 = 11.28 kPa. Performing the same calculation, V1 can be
solved as 0.657.
It should be noticed that all the experimental data used in this part is the data at
strain 0.5. At that time, V1 is supposed to be 0.67 because section 2 equals to the stretched
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length which is half of the sample length. As 0.67 is close to 0.657 but not close to 0.572,
it can be proved that this material model fits for 20%A- 80%B brain tissue simulant
samples but not fits well for 50%A- 50%B brain tissue simulant samples.
After analyzing this model, it is found by visual observation that in section 1,
facesheets and the core layer are not fully bonded together. Their contact surfaces slightly
slide during the stretching. Therefore, for tensile modulus of section 1, correction
coefficient I should be added to E1. Eq. 7 can be rewrite as:
𝐸

=(

𝑉
𝑉
+ )
𝐼𝐸
𝐸

(8)

Here, correction coefficient I represents the percentage of effective sandwich
composite which can support the load. Plug the data from experiments of 50%A- 50%B
and 20%A- 80%B brain tissue simulant/CNT sheet composite specimens in Eq. 8, we have
two simple equations from specimens respectively with two unknown variables V 1 and I.
Solve the equations, V1 = 0.73 and I = 0.40. The result suggests that if this model works
for both composition of specimens, the volume fraction of section 1 has to be 0.73 which
is a little bit closer to the theoretical value 0.67 than the last result 0.572. At this time, I =
0.40 which means 40% of effective sandwich composite is supporting the load. This model
is a little more accurate than the last model in predicting the mechanical behaviors of
20%A- 80%B composite specimens.
The tensile test data curves in the second loading from the strain 0.5-1 (for example,
in Figure 3.8), exhibit higher slope (modulus) compared to lower strain regime unlike the
curves of pure brain tissue simulant. The sandwich parts corresponding to section-1 start
taking up load at these higher strains compared to lower strains. That explains higher
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stiffness at higher strains. Note that the strain from 0 to 0.5 after the first loading is of
primary interest to us because of its linear piezoresistivity and biofidelity with respect to
human brain tissue.
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DMA characterization
Frequency sweep
The isothermal frequency sweep test result is shown in Figure 3.24. The frequency
sweep test was done on a brain tissue simulant (50% A, 50% B)/CNT sheet composite
sample with loading history in room temperature 30 °C from exciting frequency 1 Hz to
300 Hz. In the storage modulus-frequency curve, the storage modulus rises a little bit from
1 Hz to 10 Hz and then quickly drop to 0 Pa from 10 Hz to 41 Hz. It suggests that the
sample was in full solid phase at the beginning and then quickly became full flow phase at
frequency 41 Hz. It should be noticed that in full flow phase, the storage modulus remained
0 with the increasing of the exciting frequency. This actually matches the concept that the
exciting frequency cannot affect the storage modulus anymore in a material flow phase.
Therefore, 41 Hz is the approximate phase transition frequency for the sandwich composite
in room temperature. tan δ-frequency curve also demonstrated a downward spike at the
frequency 41 Hz which corresponding to the loss of the storage modulus at that frequency.
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Figure 3.24. Storage modulus/tan δ-frequency curve of brain tissue simulant (50% A,
50% B)/CNT sheet composite after the first loading at room temperature

Temperature sweep
The temperature sweep in four different excitation frequencies test result is shown
in Figure 3.25 and Figure 3.26. The temperature sweep test was done on a brain tissue
simulant (50% A, 50% B)/CNT sheet composite sample with loading history in frequency
1 Hz, 10 Hz, 25 Hz and 50 Hz from temperature 30 °C to 140 °C. In storage modulustemperature curves, all of them in different frequencies are nearly steady all the time. The
curves in frequency 1 Hz, 10 Hz and 25 Hz are of similar magnitude of storage modulus
while the curve in frequency 50 Hz are far below the others with a magnitude of storage
modulus close to 0. The reason for that is the phase transition frequency is 41 Hz according
to frequency sweep test which means when the frequency goes higher than 41 Hz, the
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storage modulus will be close to zero no matter what the temperature is.
The purpose of temperature sweep is to find the glass transition temperature of the
sample which always displays as a descending in storage modulus-temperature curves.
Obviously, there is no drop or rise in these curves so the glass transition temperature
remains unknown. As we know, this sample is mainly composed of brain tissue simulant
and a small amount of CNT sheet. Due to the loading history, CNT sheet has been fractured
so the dominant mechanical properties are provided by brain tissue simulant which is a
kind of silicone. A typical silicone named Sylgard has been reported with a major glass
transition at -115.2 °C and a minor glass transition at -46.9 °C (Luo et al., 2009). Both of
these glass transitions appeared out of the temperature sweep range capability of the
equipment used in this thesis. Therefore, they are absent in the curves.

Figure 3.25. Storage modulus/temperature curve of brain tissue simulant (50% A, 50%
B)/CNT sheet composite after the first loading
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In tan δ-temperature curves, the one with the frequency 50 Hz was removed for its
high magnitude of fluctuation.

Figure 3.26. tan δ/temperature curve of brain tissue simulant (50% A, 50% B)/CNT sheet
composite after the first loading

The DMA test results suggest that the brain tissue simulant/CNT sheet composite
is frequency dependent and its phase transition frequency is 41 Hz at room temperature. It
should also be temperature dependent but the glass transition temperature cannot be
determined due to the temperature sweep range limit.
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4. Material properties of dual-filler PDMS matrix composites
In previous research by Namilae et al., the resistivity of CNT sheet/epoxy
nanocomposite as function of GP content is studied and shown in Figure 4.1. The solid line
demonstrates the resistivity of the composite when there is no load on it. While the dotted
line demonstrates the resistivity of the composite when there is load on it before failure.
Comparing the two lines, it can be observed that the maximum resistivity difference
between the original stage and the stage before failure which can also be expressed as the
largest gauge factor appears when GP addition is 5 wt. %. This means the sensitivity of the
composite got enhanced the most when GP addition is 5 wt. %.

Figure 4.1. Resistivity of CNT sheet/epoxy nanocomposite as function of GP content
(Namilae et al., 2018)
When using a different matrix material PDMS, we want to examine if the gauge

58
factor of the composite increases by adding GP as a second filler. Therefore, in this section,
the mechanical and electromechanically properties of CNT sheet/PDMS composite with
different GP additions are examined by tensile test. The results are analyzed and discussed.

Mechanical properties
For PDMS/CNT sheet/GP composite, samples with 0%, 2% and 5% weight
percentage of GP additions were selected for the tensile test. In Figure 4.2, the engineering
stress-strain curves of different composition of GP in PDMS/CNT sheet/GP composite and
5% epoxy/CNT sheet/GP composite are plotted to make a comparison. It can be seen that
all PDMS/CNT sheet/GP composites have a very similar mechanical property no matter
what the composition of GP is. When the strain is 0.2, the stress is around 2.35, 2.08 and
1.91 MPa for 0%, 2% and 5% of GP additions respectively. However, the epoxy/CNT
sheet/GP composite is much stiffer. When the strain is 0.05, the stress is around 10.10 MPa.
An explanation for the difference can be that the composites are mostly supported by
polymer which are epoxy and PDMS in this case, and they have very different stiffness. It
is also observed that all of the stress-strain curves are approximately linear.
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Figure 4.2. Engineering stress-strain curve of the PDMS/CNT sheet/GP (0%, 2%, 5%)
composite and comparison with test data of epoxy/CNT sheet/5% GP composite

Electromechanical properties
In the resistivity-strain curves of PDMS/CNT sheet/GP composites shown in Figure
4.3, the resistivity rises from 69.34 × 10-5 Ω∙m, 72.80 × 10-5 Ω∙m and 73.43 × 10-5 Ω∙m at
strain 0 and ends with 84.77 × 10-5 Ω∙m, 87.70 × 10-5 Ω∙m and 89.21 × 10-5 Ω∙m at strain
0.2. They have very similar linear curves regardless of the composition of GP. The curve
of epoxy/CNT sheet/5% GP composite rises from 18 × 10 -5 Ω∙m at strain 0 and stops with
27 × 10-5 Ω∙m at strain 0.05.
The resistivity change-strain curves are also plotted in Figure 4.4. All of the curves
are close to each other and exhibit a linear response. The PDMS/CNT sheet/GP composites
exhibit a lower resistivity change rate compared to epoxy/CNT sheet/5% GP composite.
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Figure 4.3. Resistivity-strain curve of the PDMS/CNT sheet/GP (0%, 2%, 5%) composite

Figure 4.4. Resistivity change-strain curve of the PDMS/CNT sheet/GP (0%, 2%, 5%)
composite and comparison with test data of epoxy/CNT sheet/GP composite
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Addition of GP does not affect the electromechanical behavior of the composite.
The primary difference with the previous work was that PDMS matrix was used instead of
epoxy matrix. According to the technical data sheet of PDMS and epoxy, their volume
resistivity is 2.9 × 1016 Ω∙m and 1.0 × 1014 Ω∙m respectively. Besides, the viscosity of
Sylgard 184 PDMS is 3500 cP while that of west system 105/206 epoxy used in previous
research is only 725 cP. Thus, it is easier for epoxy to wet the sample to form the tunneling
network than PDMS. Because of the high volume resistivity combined with the wetting
properties of PDMS, that graphite platelets are not effective with this matrix. SEM
micrographs in Figure 4.5 indicate that a thin layer of PDMS is present between GP and
CN sheet e.g. In Figure 4.5(b), PDMS matrix with a typical texture appeared in between
GP and CNT sheet. The high resistivity of PDMS does not allow tunneling junctions
between the conductive fillers. The wetting properties of epoxy may enable better contact
between fillers. While small amount of epoxy can facilitate tunneling junctions between
CNT sheet and GP, PDMS with higher resistivity acts as insulator.

(a)

(b)

Figure 4.5. SEM micrographs of cross section of PDMS/CNT sheet/GP (5%) composite
(a) 250x, (b) 500x
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5. Summary and future work
Summary
In this thesis, a novel biofidelic and piezoresistive sandwich composite with
mechanical properties of human brain white matter is successfully designed, fabricated and
tested. The sandwich structure composed of two brain tissue simulant facesheets and a
brain tissue simulant infiltrated CNT sheet core layer is selected to increase the dielectric
permittivity and to suppress dielectric loss.
The mechanical testing of brain tissue simulant (50%A, 50%B)/CNT sheet
composite samples suggests that the stiffness of brain tissue simulant increases after
reinforced with CNT sheet, and the mechanical behavior of samples differs between the
first and the second loadings. Tensile testing of neat brain tissue simulant shows that the
loading history only affects the behaviors of brain tissue simulant/CNT sheet composites.
The composition of part A and B is changed to reduce the stiffness of the whole composite
in the second loading to mimic the stiffness of human brain tissue while exhibiting
conductivity and piezoresistivity. It is found that when composition of brain tissue simulant
is 20% A-80% B, the mechanical behavior of the composite in the second loading is nearly
the same as that of neat brain tissue simulant (50%A, 50%B) and simulated white matter
of human brain.
The electromechanical test results indicate that in both the first and the second
loading, samples with 50% A- 50% B and 20% A- 80% B demonstrate considerable
piezoresistivity. However, only the results in the second loading is researched because the
advantages of the behaviors in the second loading over the first loading are smaller data
standard derivation and ability to be used multiple times.
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Cyclical test is also performed on all the samples loading up to five times. All the
samples show approximately the same mechanical and electromechanical behaviors after
the first loading, which indicates stable use case scenarios for sensing applications.
Hysteresis loop is also plotted to be found in the cyclical test.
DMA is performed on a brain tissue simulant (50%A, 50%B)/CNT sheet composite
sample as well. The results indicate that its phase transition frequency is 41 Hz while its
glass transition temperature is unable to be acquired due to the temperature range limit of
the test equipment.
An analytical model based on the rule of mixture is adopted to predict mechanical
behaviors of brain tissue simulant/CNT sheet composite. The prediction fits well with
experimental results of intact samples but only approximately fits with those of fractured
samples.
Additionally, in this thesis, PDMS/CNT sheet/GP composites are designed and
fabricated by vacuum bagging process to understand the effect of the addition of graphite
platelets as a second filler in PDMS/CNT sheet composite. The tensile test results shown
nearly no difference after adding different weight percentage of GP (2% and 5%). The
reasons for the difference in the behavior between epoxy and PDMS matrix materials are
discussed based on the formation of tunneling contacts and the wetting properties of the
matrix material.
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Future work
Experimental results demonstrate high standard derivation of data near the dramatic
changing stage in the first loading of the brain tissue simulant-CNT sheet sandwich, which
indicates the core layer fractured randomly for different tests. Varied fractured spots are
also observed on samples. In order to reduce standard derivation of data, in other word, to
increase the data precision in the first loading, CNT sheet can be pre-notched into a certain
pattern before the fabrication. In this way, the sample will fracture in desired spot so the
data will be more precise among all samples. This will be helpful to research into the
overall properties of this material pattern.
In this thesis, only mechanical behaviors of white matter are mimicked by brain
tissue simulant/CNT sheet sandwich composite. Grey matter and other human soft tissues
can be simulated by varying the composition of brain tissue part A and part B or by
changing the fabrication process. With more experimental results, the accuracy of the
analytical model can be further verified.
Conduct DMA temperature sweep in a wider range from -190 °C to find out the
glass transition temperature of brain tissue simulant/CNT sheet sandwich composite to
fully understand its mechanical and thermal properties along with the temperature change.
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